Geochemical proxies indicate that atmospheric oxygen levels were <10 -5 times present atmospheric levels (10 -5 × PAL) until the start of the Great Oxidation Event (GOE; 2.33 Ga). However, trace metal and isotopic data from sedimentary rocks have been interpreted to reflect the presence of oxygenated surface oceans ≥2.5 b.y. ago, implying decoupling of the atmosphere and shallow marine systems. Evidence for oxygen in shallow oceans has fueled the idea that oxygenic photosynthesis evolved long before the GOE and that oxygen did not accumulate in the atmosphere because it was scavenged by reductants such as dissolved Fe 2+ , a process thought by some to have formed banded iron formations (BIFs). Here we present high-resolution microscopy showing that 2.45 Ga shallow-water BIFs were deposited as ferrous iron-rich muds dominantly composed of greenalite; these muds were rapidly cemented by silica on the seafloor, and subsequently eroded and redeposited as intraformational chert clasts. Our experimental results and kinetic models show that the accumulation of greenalite required seawater oxygen concentrations <10 -6 × PAL on the shallow shelf. We infer that oxygen levels of the surface oceans and atmosphere were not decoupled 2.45 b.y. ago, but that both were exceedingly low (<10 -5 × PAL). Our findings support the hypothesis that oxygenic photosynthesis evolved shortly before atmospheric oxygenation and was a direct cause of the GOE.
INTRODUCTION
After an anoxic beginning, Earth's surface experienced a major rise in atmospheric oxygen, the Great Oxidation Event (GOE). The age of the GOE, marked by the disappearance of massindependent fractionation of multiple S isotopes (MIF-S) in sedimentary sulfides, is esti mated to be ca. 2.33 Ga (Luo et al., 2016) and interpreted to signify a rise in baseline oxy gen concentrations above 10 -5 times present atmospheric levels (10 -5 × PAL) (Pavlov and Kasting, 2002; Luo et al., 2016) . It is generally agreed that free oxygen in the oceans and atmosphere resulted from the evolution of oxygenic photosynthesis in Cyanobacteria , however the timing of this event has been difficult to constrain. The oldest unambiguous cyanobacterial microfossils (ca. 1.9 Ga) post-date the GOE, while estimates based on molecular clocks depend on the selection of calibration points Shih et al., 2017) .
The uncertainty has resulted in two schools of thought. The first favors the evolution of oxygenic Cyanobacteria hundreds of millions of years before the GOE, with oxygen consumed by redox buffers such as CH 4 and Fe 2+ in the oceans, preventing its accumulation in the atmo sphere (Zahnle et al., 2006; Kump and Barley, 2007; Czaja et al., 2012; Satkoski et al., 2015) . The second posits that oxygenic photosynthesis evolved just prior to the GOE, with rapid elimination of oxygen sinks and atmospheric accumulation Ward et al., 2016) .
An accurate understanding of the redox chemistry of the Archean ocean can be gleaned from banded iron formations (BIFs), which are chemical sedimentary rocks comprising alternating layers of iron-rich and silica-rich minerals. They have been widely used to interpret oxygen levels in the pre-GOE oceans, however aspects of their origin are controversial. The traditional view is that BIFs were deposited as ferric oxides and/or hydroxides that formed in the water column by biologically driven oxidation (Beukes and Gutzmer, 2008; Fischer and Knoll, 2009; Konhauser et al., 2017) . Following deposition, the ferric oxides and/or hydroxides were converted to iron-rich minerals, including hematite, magnetite, siderite, and stilpnomelane.
In contrast, recent studies suggest that iron was deposited abiotically as nanometer-sized particles of greenalite [(Fe) 3 Si 2 O 5 (OH) 4 ]) in anoxic seawater (Rasmussen et al., 2015a (Rasmussen et al., , 2015b (Rasmussen et al., , 2017 Johnson et al., 2018) . The microfabric of the greenalite nanoparticles preserved in early diagenetic chert cement, which resembles freshly deposited muds (Rasmussen et al., 2019) , supports a depositional origin (Rasmussen et al., 2015a (Rasmussen et al., , 2015b (Rasmussen et al., , 2017 (Rasmussen et al., , 2019 Johnson et al., 2018) . According to this model, most of the greenalite was replaced after deposition by iron oxides, iron carbonates, and iron silicates, except in intervals of well-preserved laminated chert.
To date, greenalite nanoparticles have been identified only in deeper-water BIFs and cherts, leading to the suggestion that it was restricted to anoxic deep-water environments, while on the shallow shelf, Fe 2+ (aq) was rapidly converted to ferric oxide and/or hydroxide by photosynthesisrelated oxidation pathways (Konhauser et al., 2017) . Establishing the primary mineralogy of the chemical sediments in shallow-water environments is crucial in deciphering the origin of BIFs, and hence unravelling what they tell us about the redox chemistry of the oceans and atmosphere, and biological processes on early Earth. Here we investigate iron formations deposited within the photic zone of an extensive shallow-water shelf ~2.45 b.y. ago.
GEOLOGICAL SETTING AND SAMPLES
The Griquatown Iron Formation in Griqualand West, South Africa ( Fig. 1) , was deposited between 2.46 Ga and 2.42 Ga (Beukes and Gutzmer, 2008) . It overlies the Kuruman Iron Formation and underlies the Makganyene diamictite, which has been linked to the start of the GOE. We collected diamond drill-core samples from two drill holes drilled by Samancor Chrome (Sandton, South Africa) in the early 1990s (Gasesa-1 and Erin-3), which intersect the Griquatown Iron Formation and overlie Makganyene diamictite (Fig. 1) . The Griquatown Iron Formation is the best-preserved shallow-water iron formation that predates the GOE. It is ~250 m thick with consistent lithofacies over a strike length of ~500 km (Beukes, 1984) . It comprises beds of thinly laminated sideritic and greenalitic BIF intercalated with thick beds of intraclastic chert and carbonate (Beukes, 1984; Beukes and Gutzmer, 2008) . The chert and carbonate intraclasts have been linked to the erosion and redeposition of silicified sideritic hardgrounds by wave action (Beukes, 1984) . The presence of cross lamination and ooids in the intraclastic iron formation indicate that deposition occurred in a shallow-water environment above wave base, in water depths between 50 and 100 m to possibly <10 m near the top of the succession (Beukes, 1984; Beukes and Gutzmer, 2008) . Although the dominant iron minerals are now siderite and greenalite, iron oxides are inferred to have been the primary iron precipitate, with greenalite, siderite, and magnetite resulting from diagenetic dissimilatory iron reduction (Beukes and Gutzmer, 2008) .
We carried out optical and scanning electron microscopy (SEM) on polished thin sections of the iron formation samples, allowing us to document textural relationships between earlyformed phases and to identify suitable areas for transmission electron microscopy (TEM). From these, thin foils were cut by focused ion beam (FIB) and examined by high-resolution TEM.
RESULTS AND DISCUSSION

Petrography of Greenalite-Rich Intraclastic Chert Beds
Beds of intraclastic chert collected from both drill holes vary in thickness from several centimeters to tens of centimeters, and comprise sand-to pebble-sized chert clasts (Fig. 2) . Chert intraclasts are subrounded to well rounded, and beds are poorly sorted with a mud-sized matrix engulfed in chert cement (Fig. 2) . The clasts do not show internal lamination, although adjacent clasts are discernible due to subtle variations in color.
Chert grains and interstitial cement contain abundant nanometer-sized plates of greenalite (Fig. 2) . TEM-energy dispersive X-ray spectroscopy (EDS) maps show that the particles are composed of Fe, Si, and O, with minor Al and Mg (Fig. DR1 in the GSA Data Repository 1 ), while diffraction data confirm the (001) d-spacing (0.72 nm) and modulation (2.2 nm) characteristic of greenalite (Guggenheim et al., 1982; Tosca et al., 2016) .
Individual plates are randomly oriented and vary in size from 10 to 500 nm in width and 1 to 50 nm in thickness. Their random orientation and uniform distribution are identical to the fabric of greenalite in deeper-water BIFs (Rasmussen et al., 2015a (Rasmussen et al., , 2017 . This fabric closely resembles the texture of clay slurries (Deirieh et al., 2018) and modern marine muds (Bennett et al., 1981; Kase et al., 2016) , supporting a depositional origin for the greenalite particles (Rasmussen et al., 2019) . The preservation of depositional textures in parts of the chert implies that early diagenetic silica cementation "froze" the original fabric of the chemical muds, minimizing the effects of diagenesis, burial-related compaction, and metamorphism.
The presence of greenalite nanoparticles in intraclastic chert grains (Fig. 2) indicates that the original sediment was probably an iron-silicate mud deposited from the photic zone of the overlying water column and accumulated on the seafloor. After deposition, silica precipitated as a pore-filling cement (comprising 70-90%) that occluded primary porosity. The silicified muds were subjected to episodic high-energy wave action that scoured the seafloor and redeposited abraded clasts as chert and carbonate sandstones and conglomerates (cf. Beukes and Gutzmer, 2008) . The presence of greenalite nanoparticles in matrix between chert clasts suggests that ironsilicate muds settled out of suspension prior to a second phase of seafloor silica cementation.
Greenalite nanoparticles occur throughout the iron formation ( Fig. 1) , but in most places they have been destroyed and replaced by secondary phases such as minnesotaite, riebeckite, siderite, ankerite, magnetite, hematite, and chert, as documented in deeper-water BIFs (Rasmussen et al., 2015a (Rasmussen et al., , 2017 . Although hematite may now be more abundant than greenalite, petrographic and paleomagnetic studies suggest that much of the oxide formed long after deposition. Therefore, greenalite was likely much more abundant than hematite prior to post-depositional alteration and recrystallization.
The greenalite nanoparticles described here are identical to those preserved in the deeperwater BIFs and cherts of the Campbellrand Subgroup of South Africa (Rasmussen et al., 2017) and those of the Hamersley Group of Western Australia (Rasmussen et al., 2015a (Rasmussen et al., , 2015b . These observations suggest that greenalite was A B deposited not only on the basin floor and slope (Rasmussen et al., 2015a (Rasmussen et al., , 2017 , but also in the photic zone of shallow shelf environments.
Kinetic Modeling of Greenalite Precipitation
To constrain dissolved O 2 (aq) concentrations under which the precipitation rate of greenalite would have outpaced the oxidation rate of Fe(II) in the Griquatown water column, we developed a kinetic model that accurately represents available experimental measurements of both processes. First, using time-resolved Fe(II) and SiO 2 (aq) concentrations from anoxic Fe(II)silicate nucleation experiments conducted by Tosca et al. (2016) , we constrained the total precipitation rate as a function of greenalite supersaturation (which is controlled by pH, [Fe 2+ ], and [SiO 2 (aq)]). Because it is characterized by low surface energy and high solubility, the freshly precipitated structural precursor to greenalite is composed of many small particles (several tens to hundreds of nanometers), rather than fewer large crystals. The overall precipitation rate is dominated by nucleation phenomena rather than crystal growth (Tosca et al., 2016) ; thus, these experimental data are well described by classical nucleation rate theory (Lasaga, 1998) . Because nucleation rate carries a strong exponential dependence on supersaturation (Lasaga, 1998) , greenalite precipitation rates are prohibitively slow at values less than the "critical super saturation" identified by Tosca et al. (2016) (Fig. DR2) .
Dissolved Fe(II) may be oxidized by microbial processes or by dissolved O 2 (aq). Because the rates of microbial Fe(II) oxidation are typically much faster than abiotic oxidation by O 2 (aq) (Konhauser et al., 2007) , our consideration of only the latter process yields conser-vative maximum estimates of seawater O 2 (aq) concentrations. In order to calculate abiotic Fe(II) oxidation rates in Archean seawater, the effects of pH, Fe(II) concentration, and pCO 2 must be taken into account. For example, although the Fe(II)-oxidation rate in modern seawater is well constrained, experimental measurements in carbonated seawater show that the elevated dissolved CO 2 concentrations expected for shallow Archean seawater are likely to have enhanced Fe(II) oxidation rates (Millero et al., 1987) . To take this effect into account, we used a speciation model for Fe(II)-oxidation kinetics developed by King (1998) . This model uses a Pitzer ion interaction framework to calculate the ion activity coefficients of different Fe(II) species in carbonated seawater. Rate constants for individual Fe(II) species are derived from best fits to available rate measurements in carbonated media at low and high ionic strength. Overall Fe(II)-oxidation rates are calculated as a weighted average of individual oxidation rates of Fe(II)-aqueous species. Model calculations show that at SiO 2 (aq) concentrations at amorphous silica solubility and log pCO 2 = -2.0 (Blättler et al., 2016) , Fe(II)-carbonate species begin to dominate above pH 7 (Fig. DR3 ). The overall Fe(II)-oxidation rates predicted by the model are in excellent agreement with laboratory measurements (Fig. 3) .
Greenalite Precipitation and Fe 2+ -Oxidation Rates
In order to constrain oxygen concentrations during deposition, we used our kinetic model to compare rates of greenalite precipitation and Fe 2+ oxidation as a function of pH and atmospheric O 2 content at three different total Fe concentrations (i.e., 10, 100, and 1000 μmol/kg Fe 2+ ). All three examples showed that under large ranges in pH and Fe(II) concentration, low O 2 (aq) is required for greenalite precipitation to outpace Fe(II) oxidation ( Fig. 4 ; Figs. DR4-DR6), and therefore generation and preservation of greenalite-rich sediments. For example, at a total Fe(II) concentration of 100 μmol/kg, a pO 2 of 10 -6 × PAL would allow more rapid greenalite precipitation than Fe(II) oxidation only at high pH (>7.75) (Fig. 4) . In contrast, a pO 2 of 10 -7 × PAL would allow greenalite to form with little to no Fe oxidation over a larger pH range (pH ≥7.1). Using recent estimates for ocean pH during deposition of the Griquatown BIFs (pH ~7; Halevy and Bachan, 2017) , our model predicts that oxygen concentrations must have been <10 -7 × PAL for rates of greenalite precipitation to exceed Fe 2+ oxidation assuming Fe 2+ concentrations of 100 μmol/kg.
IMPLICATIONS OF GREENALITE PRECIPITATION IN SHALLOW OCEANS
Our observations from the Griquatown Iron Formation imply that Fe oxidation, whether biotic or abiotic, did not control iron deposition. The precipitation of greenalite in well-mixed, shallow seawater provides important constraints on the oxygen content of the surface ocean at continental margins. Our estimates imply that the shelf on which the Griquatown Iron Formation was deposited was devoid of oxygen (<10 -6 × PAL) at ca. 2.45 Ga. These estimates are consistent with rare-earth-element data (Planavsky et al., 2010) and iodine data (Hardisty et al., 2014) , which indicate that late Archean shallow-water environments were essentially anoxic, but contradicts interpretations based on trace-element data for free oxygen in the surface ocean before the GOE.
The presence of anoxic shallow oceans at ca. 2.45 Ga is consistent with a relatively late evolution of the oxygenic Cyanobacteria (Soo et al., 2017; Betts et al., 2018) based on recent molecular clock estimates, and with arguments that redox buffers would have been overwhelmed by newly produced oxygen within 0.1 m.y. of the emergence of oxygenic photo synthesis (Ward et al., 2016) . Although our results do not preclude the possibility that oxygenic photosynthesis evolved long before the GOE, they favor the view that it appeared after 2.45 Ga, and was the principal driver of atmospheric oxygenation.
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